Tomato and seaweed were produced by utilizing CO2 and heat discharged from power generation using biogas in Toyogawa biomass park, Japan. The biogas was obtained by anaerobic digestion with hydrothermal treatment. The hydrothermal treatment was applied to the high concentrated sewage sludge (22 % total solids (TS) dewatered sludge). The purpose of this study is to clarify the effect of hydrothermal treatment on the qualities of high concentrated sewage sludge, by analyzing particulate organic carbon (POC) and dissolved organic carbon (DOC). The hydrothermal treatment was investigated under 10-60 min of treatment time, 180-200 °C of temperature, 10-22 %-TS of sewage sludge concentration. The results showed that the DOC in each conditions increased through hydrothermal treatment. The highest DOC obtained was 67 % of total carbon concentration, when the temperature was 180 °C, treatment time was 60 min and sewage sludge concentration was 10 %-TS. Furthermore, the viscosity of treated sewage sludge was decreased by hydrothermal treatment. In batch anaerobic digestion test, methane gas production was confirmed. In addition, this study evaluated the energy balance of this system. Thus, the results of this study indicated that the possibility of application of hydrothermal treatment to high concentrated sewage sludge for anaerobic digestion process.
Introduction
Anaerobic digestion is effective in the biogas recovery and the volume reduction of sewage sludge which was accounted for the highest percentage in the industrial waste (Ministry of the Environment 2012). Especially, hydrothermal treatment was added as a pretreatment technology for anaerobic digestion process that attracted many attentions. The digestion of sewage sludge is promoted by hydrolysis of hydrothermal treatment and the amount of biogas produced is increased (Ohmura et al. 2004) . Futhermore, the viscosity is reduced by causing the release of water sewage sludge had been held (Hujimoto et al. 2006) . Thus, even a high concentrated sewage sludge that has high viscosity can be stirred in digestive tank and dumped as a raw material. The usage of low water content of high density sewage sludge as a raw material is expected to reduce the energy consumption of the hydrothermal treatment. The best hydrothermal treatment is resulted in temperature of 120-180 °C and times 30-60 min for activated sludge (TS of 96-99 %) (Tania et al. 2013) . Bougrier et al. (Tania et al. 2013) clarified that hydrothermal treatments at temperatures of 70 °C or 121 °C which led to a 20-30 % biogas production increase and treatments at 160-180 °C which led to a 40-100 % biogas production increase. Wei et al. (2011) examined biogas production from supernatant of hydrothermally treated municipal sludge. Research on physical properties such as viscosity and dewatering of sludge by hydrothermal treatment have been made (Claire et al. 2008) and (Kobayashi et al. 2011) . In addition, anaerobic digestion process which incorporates a hydrothermal treatment with sewage sludge, has been operated as a commercial plant (Mitsubishi Nagasaki Mashinery MFG. CO., LTD 2012). However, study on the sludge concentration has not been studied so far. In this study, the target is high concentrated sewage sludge (10 %-TS over sludge concentration), which achieved by using hydrothermal treatment that examined the low viscosity and molecular weight of organic matter. Additionally, anaerobic digestion test was performed to examine the effect of hydrothermal treatement. Finally, this study shows the relationship between TS of sewage sludge and the net energy production of the hydrothermal treatment on 180 °C.
Experiments

Solubilization test of organic matter by hydrothermal treatment
The sample used was dehydrated sludge (sludge were mixed after the final sedimentation tank sludge and primary sedimentation tank sludge, and dried 22 %-TS concentration) which were collected from Toyogawa wastewater treatment center. After adjusting the concentration up to 10 % and 15 %, the dehydrated sludge was used in hydrothermal treatment under conditions treatment temperature 180, 200 °C, treatment time 10, 30, 60 min.
Total carbon (TC) was measured using the elemental analyzer (Elementar, varioEL Ⅲ). In this study, dissolved organic carbon (DOC) was defined by filtering through a membrane filter (ADVANTEC, pore size 0.45 μm) where samples were diluted 1000 times. POC was obtained by subtracting the DOC from TC. DOC were measured using the organic carbon concentration meter (Shimadzu, TOC-L). The DOC was used as an index for low molecular weight and solubilization of organic matter.
Viscosity test
The viscosity of hydrothermal treated sludge samples and the untreated sludge samples were measured by using the viscometer (viscometer Toki Sangyo, TCV-7). The conditions of hydrothermal treatment were 15, 22 % sludge concentration, 180, 200 °C treatment temperature and 10, 60 min treatment time.
Batch anaerobic digestion test
Batch anaerobic digestion test was performed in a medium bottle of volume 1 L, with a ratio of 3:1 substrate sludge and seed sludge, within the culture shaker (TAITEC, Bio-shaker). Digestion trial of 10 days was maintained at 55 °C. The conditions of hydrothermal treatment were 15 % sludge concentration, 180, 200 °C treatment temperature and 60 min treatment time. After hydrothermal treatment for 15 %-TS sewage sludge, all of the substrate sludge was adjusted to 87.4 % moisture content and same pH.
For anaerobic seed sludge, three kinds of anaerobic digestion solution which were able to confirm the production of gas were used as a substrate sewage sludge. Two of the seed sludges were thermophilic digestion solution and the other one is mesophilic digestion solution. In the medium bottle, the sampling tube and gas recovery pack were connected and the digestive solution in 8 mL per days was collected, followed by measurement of DOC and pH. The recovered gas pack after 10 days were analyzed for gas composition using gas chromatograph (Shimadzu, GC-8A). In addition, Volatile Solids (VS) of digestive solution was measured in accordance with sewer test method.
Energy balance of the system
Energy consumption is required for hydrothermal treatment to improve the characteristic of the sewage sludge for anaerobic digestion. Therefore, an evaluation of energy balance is required to obtain the net energy from sewage sludge. Energy consumption of hydrothermal treatment will be reduced due to decrement of the water content of sewage sludge. On the other hand, biogas production will be increased due to decrement of the water content of sewage sludge. This study evaluated this balance. Table 1 showed the assumptions for the evaluation of energy balance. The temperature of sewage sludge and hydrothermal treatment was assumed 20 °C and 180 °C respectively. 
Results and Discussion
Solubilization test of organic matter by hydrothermal treatment
The ratio of DOC in each sample sludge concentration by hydrothermal treatment 180 °C and 200 °C treatment temperature was shown in Fig. 1 . The ratio of DOC was increased in all concentration after hydrothermal treatment. However, a significant increase in DOC was not shown by the treatment time. Therefore, organic matters which was easily decomposed was solubilized in a short time, but other organic matters which was not easily decomposed after treatment time, was confirmed. Furthermore, the ratio of DOC was higher when the sludge concentration was low. Thus, as the water content was large, solubilization was likely to be promoted. Comparing the results of 200 °C and 180 °C reaction temperature, ratio of DOC was same level. Fig. 1 showed that there is no significant 
Effect for viscosity of high concentrated sludge by hydrothermal treatment
The viscosity of samples before and after hydrothermal treatment in each condition was shown in Table 2 . Except of the 22 %-TS sludge concentration (180 °C treatment temperature, 10 min treatment time), every sample's viscosity was below than 10 Pa • s. These are the characteristic which allow pumping the sludge smoothly. Therefore, it can be applied to a hydrothermal treatment, where handling (stirring and sludge transport) is possible even in a high concentrated sludge in the anaerobic digestion process had been clarified.
Batch anaerobic digestion test
A transition POC concentration, DOC concentration and pH of digestive solution in batch anaerobic digestion tests using untreated sludge and hydrothermal treatment sludge of 200 °C temperature were shown in each Fig. 2 . Total organic carbon concentration was decreased by time, in particular POC concentration. Similiar results was obtained for 180 °C treatment temperature. However, the reduction of the organic matter concentration was small due to the not smoothly done organic decomposition.
VS degradation rate of digestion solution and the methane concentration were shown in Table 3 . The highest VS degradation rate was 46 % of digestion solution with hydrothermal untreated sludge. However, since methane gas was not detected, methane fermentation might have not been fully performed. On the other hand, in the anaerobic digestion test of hydrothermal treatment of sludge treatment temperature 200 °C, methane gas concentration was the highest with 49 %. Consequently, digestion speed was accelerated by hydrothermal treatment and methane was generated until a short period of time. 1.0 Fig. 3 The energy balance as the relationship between total solids of sewage sludge and net enrgy production. 
Energy balance
Conclusions
Solubilization of high concentrated sludge was promoted by hydrothermal treatment. Between sludge concentration 10 % and 22 %, DOC concentration was increased as the lower sludge concentration. However, a significant difference in the treatment range of 180-200 °C treatment temperature and 10-60 min treatment time was not observed. Furthermore, the low viscosity of the sludge could be shown by the hydrothermal treatment, it was reduced to about handling at the pump general is possible. It was considered that anaerobic digestion test with hydrothermal treated sludge, decrement volatile solids was low, but was led to methane production. However, decrease in the amount of organic matter overall was low, gas generation amount was small. In the evaluation of the energy balance, it was estimated the net energy gain can be obtained in more than 7-8 % sludge concentration. Thus, the possibility of application to anaerobic digestion of high concentrated sludge become clear. Future continuous testing of anaerobic digestion is required.
